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Abstract 
This study investigates the two-phase flow formation process of water-based Fe3O4 ferrofluid (dispersed phase) in a silicon oil 
(continuous phase) flow in the microfluidic flow-focusing microchannel under various operational conditions. With transparent 
PDMS chip and optical microscope, four main two-phase flow patterns as droplet flow, slug flow, ring flow and churn flow are 
observed. The droplet shape, size, and formation mechanism were also investigated under different Ca numbers and intended to 
find out the empirical relations. The paper marks an original flow pattern map of the ferrofluid-in-oil flows in the microfluidic 
flow-focusing microchannels. The flow pattern transiting from droplet flow to slug flow appears for an operational conditions of 
QR < 1 and Lf/W < 1. The power law index that related Lf/W to QR was 0.36 in present device. 
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1. Introduction 
 
Researchers intended to understand and control the droplet generation process of chemical reagents in a 
microfluidic device because of enormous potentials for biomolecule detection in chips and chemical synthesis in 
chemical reactors. Manipulating the chemical reagents in microfluidic devices into droplets instead of a continuous 
stream requires a lower volume of reagent to obtain the same biochip detection sensitivity or chemical reactor 
synthesis rate. There are two basic styles, active and passive, according to the droplet manipulation methods [1]. 
Droplet-based microfluidics involves the generation, detection and manipulation of discrete droplets inside micro-
devices [2-3]. A detailed introduction can be found in [4]. 
The special utility of droplet-based microfluidic systems lies in the formation of uniform droplets and particles; 
thus, intrinsic to such systems, and of utmost importance, is precise control of the size, shape and monodispersity of 
GURSOHWV +RZDUG $ 6WRQH¶V JURXS LQWHJUDWHG IORZ-focusing geometry into a microfluidic device. Thereby they 
could form drops much smaller than the orifice, and could produce both mono- and polydisperse emulsions [5-6]. 
This microfluidic flow-focusing method is often used in droplet/bubble formation [7-8], the generation of double 
emulsions [9-10], multifunctional particles and microbeads [11]. It could also perform as a bioreactor for bacteria 
with long-term culture and monitoring [12]. 
Since magnetic nanomaterials conjugating with biomolecules have been widely applied in biochemical separation 
[13], targeted drug delivery [14] and immunoassay [15], there is an increasing need for controlled transport of their 
nanoliter, even picoliter size magnetic droplets [16]. There are two major reasons for using ferrofluid as the core. 
Firstly, they have no magnetic memory, and therefore if the magnetic fields are removed they can be redispersed in 
aqueous solution without aggregation. Secondly, they have good biological compatibility and the influence on the 
sample inside the droplets can be kept to a minimum. Therefore, ferrofluid droplets have many advantages and 
widely applications in bio-chemistry field.  
7RWKHDXWKRUV¶NQRZOHGJHWKHUHDUHQRRSHQUHSRUWVLQWKHOLWHUDWXUHZKLFKKDYHWULHGWRFODULI\WKHWZR-phase 
flow map of the ferrofluid-in-oil mixture in the microfluidic flow-focusing device. Most works interested on the 
water-in-oil emulsions in the Y/T-type microchannels. This study employs an experimental approach (PDMS chip 
and optical microscope with high resolution CCD camera) to obtain the detailed two-phase flow field when two 
immiscible fluids (Fe3O4 ferrofluid as the dispersed phase and silicon oil as the continuous phase) meets at the 
junction chamber of microfluidic device. This paper also investigates the effect of the Capillary number (Ca) and 
flow rate ratio (QR=Qd /Qc) on the length of micro-droplets. 
 
2. Experimental Approach 
  
Figure 1 shows a schematic view of a flow-focusing microchannel with a rectangular cross-section. This flow-
focusing geometry has a central channel for the dispersed ferrofluid flow stream and two side channels for 
continuous silicon oil flow stream. The depth of channel is denoted as l DQGKDVDYDOXHRIȝPOther channel 
dimensions are specified on Figure 1.  
A PDMS flow-focusing microchannel device was fabricated using soft lithography technology for flow 
visualization measurements. Figure 2 shows the PDMS chip connected with the inlet and outlet tubes. The 
experiments in this study used silicon oil and ferrofluid (Fe3O4) as the carrier fluid and dispersed fluid, respectively.  
The experimental platform consists of a Nikon SMZ645 optical microscope, a color CCD as an image acquisition 
system, and two KDS-200 programmable syringe pumps for injecting both carrier and dispersed fluids into 
entrances of tubes. Further image processing and analysis are accomplished with the ImageJ software.  
 
 
 
 
 
 
 
 
Figure 1  A schematic view of the flow-focusing device 
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Figure 2  A PDMS flow-focusing microchannel chip 
 
3. Results and Discussion 
 
Figure 3 illustrates this dependence and shows several representative micrographs of the system at different 
values of Qd. Four main flow patterns were observed: droplet flow, slug flow, ring flow and churn flow. The similar 
tendency is observed for all the geometries in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3  Two-phase flow patterns on condition of Qc = 2.75 PL/min. (a) droplet flow (Qd = 0.1 PL/min); (b) slug flow (Qd = 2.6 PL/min); (c) ring 
flow (Qd = 20 PL/min); (d) churn flow (Qd = 25 PL/min). 
 
Figure 5 Shows the evolution of the dimensionless droplet size Lf/W ratio as a function of the QR=Qd /Qc flow 
rate ratio with various Ca numbers. These results show that the detached droplet length is affected by both ferrofluid 
and silicon oil flow rates. The droplet volume increases gradually with the ferrofluid flow rate and decreases with 
the silicon oil flow rate. This slow evolution may be explained by the increase of shear stress and elongation when 
the silicon oil flow rate increases, leading to the formation of smaller droplets. In figure 5, we noted that this 
transition (droplet flow to slug flow) appears for a QR < 1 and Lf/W < 1. Previous authors [17] have pointed out that 
the exponent of the power law that related Lf/W and QR was about 1/3. In our experimental, the power law index 
was 0.36.  
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Figure 4  Two-phase ferrofluid-in-oil flow patterns map 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5  Dimensionless length of the droplets (Lf/W) plotted as a function of the QR flow rate ratio 
 
4. Conclusion 
 
The segmented flow of a train of droplets finds very wide applications of multiphase flow in microfluidic devices. 
In this work, experiments were carried out to study the ferrofluid-in-oil flows in the microfluidic flow-focusing 
microchannels. The droplet shape, size, and formation mechanism were investigated under different flow conditions. 
Four main flow patterns were observed: droplet flow, slug flow, ring flow and churn flow. The droplet flow to slug 
flow appears for a QR < 1 and Lf/W < 1. The power law index that related Lf/W and QR was 0.36. 
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